Abstract-A novel slotted helix slow-wave structure (SWS) is proposed to develop high power, wide-bandwidth, high reliability millimeter-wave traveling-wave tube (TWT). This structure, which can improve the heat dissipation capability of the helix SWS, evolves from conventional helix SWS with three parallel rows of rectangular slots made in the outside of the helix. In this paper, thermal stress analysis, the electromagnetic characteristics and the beam-wave interaction of this structure are investigated. The conclusions of this paper will be a great help for the design of millimeter-wave traveling-wave tube.
INTRODUCTION
Millimeter-wave radiation sources with high power, wide-bandwidth, and high efficiency are attractive for many applications, such as high-date-rate communications, high-resolution radar, and space applications [1] [2] [3] [4] [5] [6] [7] [8] . Helix TWT is one of the most important millimeterwave vacuum amplifiers due to its outstanding combined performances in bandwidth, power capacity, and electronic efficiency. But because of its high thermal resistance in the helix SWS, the average-power limits of the conventional millimeter-wave helix TWT have long been quite well known [9, 10] . Moreover, the high temperature produced by electron beam interception and RF loss could make the helix deform, which seriously changes the dispersion characteristics of the millimeterwave helix SWS [11, 12] .
In order to improve the heat dissipation capability of the millimeter-wave helix TWT, Diamond support rod [13, 14] , brazedhelix technology [15] [16] [17] [18] [19] have been used for high power millimeterwave TWT. At present known, Diamond has the highest thermal conductivity, but it has been founded that the overall thermal resistance from the helix to the shell significantly increased for the diamond support rod design [20] . Brazed-helix technology used for TWT mainly includes sputter brazing method and diffusion brazing method [21] . It offers lower thermal resistance of the helix-rod interface and the rod-shell interface than non-brazed helix technology, thus ensuring better thermal evacuation capability for transmitting high power levels. While sputter brazing method has some problems, such as the redundant solders are not easy to be completely cleared [21] and the sputter brazed-helix SWS could generate thermal stress and deformation, and lack the mechanical strength [22] . The helix SWS is assembled using diffusion brazing method without any solder, but the contact width between helix tape and support rod is smaller than the width of the support rod, which also limit the heat dissipation out of the helix SWS.
Thus how to circumvent these limitations and further improve the heat dissipation capability of the helix SWS is an interesting and important question for exploring high power, wide-bandwidth millimeter-wave TWT. Fortunately, a novel slotted helix SWS plus diffusion brazing method, which can reduce the interface resistance and increase the contact area between helix tape and support rod, is now proposed by Wei et al. [23] . The preliminary thermal analysis shows that the novel slotted helix SWS has better heat dissipation capability than that of the conventional helix SWS [24] . The processing method of this new structure will be discussed in this paper. Thermal stress analysis, high-frequency characteristics and the beam-wave interaction of the novel structure are calculated using software ANSYS [25] and three-dimensional (3-D) high-frequency electromagnetic simulation software (HFSS) [26] and the PIC solver in CST Particle Studio [27] .
This paper is organized in the following manner. A brief introduction is presented in Section 1. The mode of the novel slotted millimeter-wave helix SWS is described in Section 2. The thermal analysis model of the novel slotted helix SWS is constructed in Section 3. High-frequency characteristics are calculated in Section 4. The simulation results of the beam-wave interaction of the novel structure operating in the Ka-band are given in Section 5. A brief summary is given in Section 6. The slots can not only increase the contact area between the helix tape and support rods, but also can enhance the stability of the helix SWS. Based on the novel slotted helix SWS, high power, and high reliability millimeter wave helix TWTs are expected. Figure 2 shows the dimensional parameters of the novel slotted helix SWS. Where, a is the inner radius of the helix tape, b is the thickness of the helix tape, c is the inner radius of the shell, d is the width of the support rods, g is the outer radius of the shell, h is the depth of the slot, p is the pitch of the novel helix SWS, and w is the width of the helix tape. The typical optimized parameters of structure are listed in Table 1 . Figure 3 shows the processing method of the novel slotted helix SWS. After the molybdenum helix tape is wrapped around the Zinc bar, as shown in Figure 3 (a), low melting alloy such as Indium alloy is filled in the interspaces of the helix tape, as shown in Figure 3 (b), which will help the helix tape resist deformation during the process for machining the slots. After the slot processing is completed, Zinc bar with the slotted helix tape and low melting alloy is placed in the high temperature furnace to get rid of the low melting alloy and then the slotted helix tape is produced, as shown in Figure 3 (c). After that, the exterior surface of the helix tape and the inner surface of the shell are plated with a copper film. And then, the novel helix SWS is assembled by the hot-insertion method to provide enough pressure. At last, the novel slotted helix SWS is heated at high temperature in a hydrogen furnace for diffusion brazing. Under this processing method, all the components of the slotted helix SWS are brazed together.
The Processing Method of the Novel Slotted Helix Structure

THERMAL STRESS ANALYSIS OF THE NOVEL HELIX SWS
Three methods including theoretical analysis [28, 29] , experiment test [30] [31] [32] , and numerical simulation [11, 12, [33] [34] [35] [36] can be used to analyze thermal characteristics of the helix SWS. It has been proved that simulation results show very good agreement with the experimental and calculated data [11, 32] . Because numerical simulation can get detailed three dimensional temperature distributions of a helix SWS, this method is employed in this paper to accurately calculate the thermal characteristics of the helix SWS.
The thermal stress characteristics of the novel helix SWS is simulated by software ANSYS. Steady state thermal stress analysis has been used to simulate the circuit's response in this paper. The thermal stress analysis belongs to multidiscipline coupled-field analysis. The direct coupling method and the indirect coupling method provided by ANSYS are the two kinds of coupling field analysis methods [25] . The thermal stress analysis of the novel helix SWS is calculated by indirect coupling method in this paper.
The last ten helix turns of the novel slow-wave circuit is selected to perform the thermal stress analysis, where the largest temperature gradient has been found in experiments, and therefore the biggest thermal deformation will occur in this area. The simulation model includes a novel rectangular copper-plated helix tape made of Molybdenum, three rectangular support rods made of Beryllia, and a copper-plated stainless steel shell. Because the novel helix SWS is enveloped in vacuum, there is no convection, and the effect of radiation from helix can be neglected [12] , thus the heat is transferred only by conduction from the helix through the support rods to the metal shell. The thermal conductivities of the materials are only needed in the thermal analysis, and they are all temperature dependent [29] . Thermal contact resistance of the brazed-helix SWS is set as 0.056 • C · cm 2 /W, which is given by Raytheon Company [37] . The convection coefficient of the outer surface of the shell is set as 2000 W/m 2 · • C, which is suitable for brazed helix SWS suggested by Qinqun Zhao [35] . We suppose the ambient temperature is 30 • C. A simulated thermal flux is applied to the inner surface of the helix to represent electron bombardment and RF loss.
The results of the steady state thermal analysis are used as a thermal load condition for ANSYS static structure analysis. The material properties necessary for the stress analysis are Young's modulus, the Poisson ratio, and the thermal expansion coefficient. Because the shell is brazed in the pole, the outer surface of the shell is set zero displacement boundary condition. Here, in order to describe the superiority of the novel slotted helix SWS, the thermal stress distributions of the conventional helix SWS are also calculated as a comparison for the same conditions except the thickness of the helix tape a/b is equal to 3.
In the process of thermal stress analysis, hexahedral element Solid90 and hexahedral mesh are adopted for thermal analysis, and then the thermal analysis element is replaced by the structure analysis element Solid186. The whole model produces a total of 20707 elements and 111270 nodes after meshing the model into elements. The platform used for the calculation is a personal computer with Inter(R) core(TM) i7-2600 3.4 G CPU with 12 GB memory. The CPU time is approximate 2 min for a single thermal stress analysis. Figure 4 shows temperature distributions of the novel and conventional helix SWS when the total dissipation power is 22 W. As can be seen, the temperature of the novel helix tape is smaller than that of conventional one in the same cooling conditions. That is to say, the heat generated by the dissipation power can be easily conducted out from the novel structure. Figure 5 shows the thermal deformation distributions corresponding to Figure 4 respectively (50 times enlarged). As can be seen from the two figures, the thermal stress makes the helix tape concave at the positions contacting with the support rods and convex at the part between two adjacent support rods, and the maximum deformation point in the helix tape is also between two adjacent support rods. Meanwhile, the values of the maximum deformation have already marked in the Figure 5 . And the maximum deformation of the conventional helix SWS is almost 2.6 times than that of the novel helix SWS, which shows that the novel structure is more reliable. In the ANSYS model, a uniform heat flux is applied along the inner surface of the helix. As this flux is varied, the different thermal stress distributions of the helix SWS are obtained, as shown in Figure 6 . In order to study the thermal stress characteristic of the novel slotted helix SWS more specifically, the influences of the thickness of the slotted helix tape on the novel helix temperature and the maximum deformation of the novel helix SWS are investigated. Here, only the thickness of the helix tape changes without changing other parameters. helix thickness. From the two plots, it is obvious that the helix thickness has a pronounced effect on the temperature and thermal deformation of the slotted helix SWS. When the thickness of the slotted helix tape is doubled and the helix SWS dissipate the same power between 4 W and 28 W, the temperature of the helix tape is reduced by 15%∼22%, and simultaneously the maximum thermal deformation of the helix tape is reduced by 48% ∼ 51%. Therefore, increasing the thickness of the helix tape can not only improve the heat capacity of the helix SWS, but also can reduce the thermal deformation of the helix SWS effectively, which is very important for high power millimeterwave helix TWT [38] .
ELECTROMAGNETIC PROPERTIES
The high-frequency properties of the slotted helix SWS are calculated by the eigenmode solver with master and slave boundary condition [39] in the 3-D electromagnetic simulation software Ansoft HFSS [26] . The optimized dimensional parameter values of the slotted helix SWS are presented in Table 1 . Figure 8 shows Brillouin diagram of the slotted helix SWS, which is the same as that of the conventional helix SWS, so the novel helix slow-wave circuit is also a fundamental forward wave circuit and the electron beam interacts with the zero space harmonic. As shown in Figure 8 , mode 1 (n = 0) and mode 1 (n = −1) is zero and minus-first space harmonic for the fundamental mode, while mode 2 (n = −1) and mode 2 (n = −2) is minus-first and minus-second space harmonic for the second mode. Figure 9 shows comparison of dispersion characteristics and interaction impedance of the fundamental mode at the zero space harmonic for the conventional and the novel slotted helix SWS. Here, the dimensional parameters of the conventional helix SWS are the same as described in Section 3. It shows that the normalized phase velocity of the novel helix SWS is lower than that of the conventional helix SWS, which shows that the novel structure has lower working voltage, and thus the risk of backward wave oscillation may be reduced. In addition, the dispersion curves of the two helix SWS are nearly parallel, although the interaction impedance of the novel helix SWS is smaller than that of the conventional helix SWS, we can increase the length of the interaction circuit to obtain higher power, wide-bandwidth, high reliability millimeter-wave traveling-wave tube. In order to study the high-frequency characteristics of the novel slotted helix SWS further, the influences of the thickness of the slotted helix tape on dispersion relation and interaction impedance are investigated. It is shown in Figure 10 that, with the helix tape thickness increase, normalized phase velocity decreases, and the interaction impedance also decreases noticeably. But we should choose proper helix tape dimensions considering both passband and the interaction impedance.
BEAM WAVE INTERACTION SIMULATION
In this section, a fully three-dimensional, time-dependent model for a novel slotted helix TWT operating in the Ka-band is designed. The beam-wave interaction simulations are carried out by using the PIC solver in CST Particle Studio [27] to substantiate the amplification capability of the TWT. The parameters for PIC simulation are as follows:
Reflections caused by circuit discontinuities such as the mismatches between the input/output couplers can cause reflection oscillation, while the backward wave, especially minus-first space harmonic of the fundamental mode interacting with the electron beam can cause BWO [40, 41] . In order to obtain large gain, the whole interaction circuit is divided into two section with sever, and two concentrated attenuators are used in the interaction circuit to suppress these oscillation.
In the simulation, the beam filling factor is set as 0.65 with a voltage of 18.45 kV and a current of 0.2 A. In addition, a uniform longitudinal magnetic field of 0.35 T is used here to confine the electron beam. Then, we apply an input signal with a power of 72.2 mW. The boundary is specified as copper with the effective conductivity of 5.8 × 10 7 S/m. Moreover, the CPU (i7-2600 3.4 G CPU with 12 GB) time is approximately 50 h for a signal frequency with 8-ns calculation. Figure 11 . Simulation results of the output power and total gain versus frequency of the novel slotted helix TWT. Figure 11 shows the output power versus the driving frequencies from 22.5 GHz to 34.5 GHz, where the corresponding gain is also given. The dots are the simulation values for each operating frequency, and the line is a B-spline fit curve. It shows that the CW output power exceeds 500 W in the frequency range of 27 GHz to 33 GHz, corresponding to the gain of over 38.5 dB. Especially, gain changes only 0.7 dB across the 6-GHz bandwidth, which can satisfy many applications, including space communication. Meanwhile, the instantaneous 3-dB bandwidth of this TWT ranges from 23 GHz to 34 GHz.
CONCLUSION
In conclusion, a novel slotted helix SWS for millimeter-wave TWT has been investigated in this paper. The thermal analysis, electromagnetic and beam-wave interaction of the novel structure are simulated. It has been found that the novel slotted helix SWS has similar spectral response as a conventional helix SWS. Meanwhile, it has some unique advantages, including higher heat capacity, smaller thermal deformation. Therefore, it is a promising slow-wave structure for developing high power, wide-bandwidth, high reliability millimeterwave radiation sources. Future work will be concentrated on the experimental research of this novel slotted helix TWT. 
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